Abstract-Balanites aegyptiaca (B. aegyptiaca) is one of the plant species targeted and already studied for the production of oilseed-based biofuels. This paper presents an optimization model of B. aegyptiaca seeds supply chain in West African sahelian context. It has been developed considering the West Africa rural context where family farming is mainly practiced. The model has been applied to a theoretical case of study in the sub sahelian region of the Burkina Faso. Four scenarios on the location of the pre-processing and on the transportation means used between B. aegyptiaca feedstock growing areas and feedstock gathering points (GP) have been performed. Considering different feedstock growing areas with different territorial yield, and different transportation means, the results show that the most efficient option is the cart for transportation between the feedstock growing areas and the GP with the location of the pre-processing at the GP. The results also show that more than 65% ofthe seeds cost price at the biorefinery gate is composed of the transportation costs.
INTRODUCTION
Balanites aegyptiaca (B. aegyptiaca) is one of the plant species targeted and already studied for the production of oilseed-based biofuels [1]- [5] . The production ofbiofuels from this plant is particularly of interest for West African sahelian regions. In these sahelian regions, B. aegyptiaca is one of the dominant plant species [6] and the trees grows in the wild without irrigation nor fertilizer and maintenance. This is an advantage for biofuel production because no investment is needed for oilseeds growing. However, because they grow in the wild, the plants like B. aegyptiaca have a wide and scattered geographical distribution over the territory where they grow. This makes difficult and expensive the logistics operations such as collection and transport of the feedstock; the logistics costs can represent up to 35% of the total production cost of biofuels according to [7] .
978-1-5090-6751-0117/$3l.00 ©2017lEEE For a profitable and competItIve exploitation of the B. aegyptiaca for biofuel production, it is therefore important to pay a particular attention to the seeds supply chain [8] . This ensures that the biorefmery will be supplied with seeds in the required quality, quantity and an acceptable cost.
The work presented in this paper aims to determine the optimal conditions of B. aegyptiaca seeds supply to a biorefmery in west African sahelian regions. These optimal conditions are determined through a mathematical model that allows at considering the harvesting and the gathering of the seeds in the wild and their transport, and pre-processing.
II. METHODOLOGY The model proposed in this paper is a mixed integer linear program (MILP) for strategic decisions related to the configuration of the B. aegyptiaca seeds supply chain for biofuel production in West Africa sahelian areas. These decisions concern the location and the allocation of the feedstock growing areas and of the feedstock gathering points (GP). They also concern the location of the preprocessing operations and the amounts of feedstock to transport.
A. The problem and assumptions
Let us consider a biorefinery located in a region of interest and having an annual demand for Balanites seeds or fruits. Depending on the choice of the pre-processing (depulping, dehulling, drying ... ) location, the demand for feedstock of the biorefmery can represent the non-pretreated raw feedstock or the pretreated feedstock. In the region of interest, several feedstock growing areas have been identified in the wild around the biorefinery. Feedstock growing areas are sites where B. aegyptiaca trees are well-represented. To facilitate the delivery of the feedstock to the biorefinery (mainly the mobilization of labor for loading, unloading and weighing of feedstock), all the feedstock harvested must pass through a Gathering Point (GP). The GP indeed allow bringing together large amounts of feedstock. There are 2 possible locations for the pre-processing: "at the GP" or "at the biorefinery". Due to geographical constraints, several GP sites are selected in advance. The transports of feedstock between the GP are not possible. The biorefinery must be supplied with the demand for feedstock so as to minimize the total supply costs and satisfy some constraints.
B. Mathematical formulation
The mathematical formulation of the problem consists of an objective function to minimize (1) and a set of constraints (5) to (21). The objective function is composed of the feedstock harvesting costs (2), feedstock transportation costs from the feedstock growing areas to the GP (3), and feedstock transportation costs from the GP to the biorefmery (4). The elements that compose the mathematical model are stated and described in the section I) and 2).
I) Sets and parameters description
Sets: feedstock growing areas of the B. aegyptiaca trees are represented by the index i, GP by the index}, biorefinery by the index k, transportation means by the index m, and preprocessing location sites by the index p.
Parameters: Qk is the annual demand for non-pretreated raw feedstock. This demand include feedstock loses that may occur during the supply. (( is the remaining fraction offeedstock after the pre-processing. 1r is a tortuosity factor. ST, is the total surface area of a feedstock growing area. R.em,d , is the territorial seed yield of a feedstock growing area. The territorial seed yield is the ratio of the total potential seed production on the feedstock growing area and of the surface area of this feedstock growing area. a'J define the potential allocation of a feedstock growing area i to a GP j. Ch, is the unitary costs of harvesting in a feedstock growing area. dt } is the distance between a feedstock growing area i and a GP j. «;,/i is the distance between a GP and the biorefmery. Xc.m is a binary parameter that define if transportation mean m is available in a GP i. ofJ!!.,p is the quantity of feedstock expected at the biorefmery depending on the location of the pre-processing.
QrnJ:n'J is the minimum quantity of feedstock required in a GP.
(J'maxJ is the maximum capacity of a GP. Cur. is the unitary transportation cost of the mean of transportation m and CtruC'/i is the unitary transportation cost of the truck. Prm and Peru"". are the fixed costs of the mean of transportation m and of the truck. f! is the fruits picking rate. W is the daily pay for harvesting workers. Hr is the prescribed number of work hours per day. NT, is the number of B. aegyptiaca trees on each feedstock growing area. Prod is the annual amount of fruits produced by a B. aegyptiaca tree.
Variables: S, is the surface area of a feedstock growing area i. n is a binary variable that decide the choice of a feedstock growing area i. ' YJ is a binary variable that decide the choice of a GP j. Yr is a binary variable that decide the location of the pre-processing. (J'i.j is the quantity of feedstock to be transported from a feedstock growing area i to a GP j. Q' p;..p is the quantity of feedstock to be transported from a GP ) to the biorefinery k ifthe location of the pre-processing p is chosen.
2) Equations
r., Q' :..; ?:
Equation (5) and (6) ensure that the surface area mobilized by each chosen feedstock growing area will not exceed the available surface area of each feedstock growing area. Equation (7) states that several feedstock growing areas can be chosen. Equations (8) and (9) calculate the quantity of feedstock required at the biorefinery depending on the location of the pre-processing. Equation (10) ensures that the sum of the quantities of feedstock harvested and transported between the chosen feedstock growing area and the chosen GP have to satisfy the required quantity of feedstock expected at the biorefmery. Equations (11) to (13) ensure thatthe quantities of feedstock transported from the chosen feedstock growing areas to the chosen GP, must not exceed the quantities of feedstock that can be harvested on each feedstock growing area. Equation (14) ensures that the maximum capacity of a selected GP must not be exceeded. Equation (15) ensures that the minimum demand of each selected GP have to be satisfied. Equation (16) and (17) calculates the quantity of feedstock to be transported between each selected GP and the biorefinery depending on the choice of the pre-processing location. Equation (18) and (19) ensures that the quantities of feedstock transported between the chosen GP and the biorefmery, have to satisfy the demand of the biorefinery depending on the location of the pre-processing. Equation (20) ensures that several GP can be chosen. Equation (21) ensures that only one location of the pre-processing can be chosen. Equation (22) calculates the unitary costs of harvesting on a feedstock growing area. Equation (23) calculates the territorial seed yield of a feedstock growing area.
m. CASE STUDY
The model has been implemented on a theoretical case study of B. aegyptiaca seeds supply chain. The case study was constructed on the basis of common practices in Burkina Faso. Data and assumptions are retrieved from peer-reviewed literature and expert opinions. Furthennore, the costs calculated reflect the real costs that can be observed in Burkina Faso.
The considered biorefinery is in a region with 222 growing area ofB. aegyptiaca trees and 35 potential GP.
The geographical coordinates and the surface of the feedstock growing areas, the GP and the biorefinery have been randomized once and the resulting supply network has been used for all the study. The surface area value of each feedstock growing area has been set to 10 ha. A productivity of 52 kg of fruits per tree was retained for all the feedstock growing areas [4] . A B. aegyptiaca trees density ranging from 25 trees/ha to 40 trees/ha was randomly distributed for each of the feedstock growing area. According to [9] , a density ranging from 25 to 50 trees per ha is acceptable for a region where B. aegyptiaca is well-represented.
All distances are Euclidean distances to which a tortuosity factor has been applied. With no knowledge on the road network of the study area, the value of the tortuosity factor can only be estimated. For this study, its value has been set to -12 (we have considered that the straight-line distance is the diagonal of a square, the sides of which represent the actual path).
The minimum demand of each GP is about 10 tons which represent the load capacity of the trucks commonly used for the transportation of goods in Burkina Faso. The maximum capacity of each GP is unlimited.
The demand for B. aegyptiaca seeds of the biorefmery is 200 tons/year. Each fruit has a weight of about 5 to 8 g. It consists of an epicarp (5 to 9% of its weight), an edible mesocarp or pulp (28 to 33% of its weight), an endocarp (49 to 54% of its weight). The endocarp surrounds a the seed (8 to 12% of the weight of the fruit) [10] - [12] . The seed contains between 46% and 55% of its weight in vegetable oil [13] .
On this basis, the demand for non-pretreated feedstock of the biorefinery is 2000 tons/year if the kernel represents 10 % of the fruit weight.
The harvesting costs per hectare are estimated based on the corresponding labor costs. A man-day is assumed to equate 8 hours. The minimum daily wage for fann workers is 1363.91 XOF/day in Burkina Faso (XOF is West African CFA francs). The harvesting labor costs are calculated based on a fruits picking rate about 9.24kg/h found by [14] in the locality of Barsalogho in Burkina Faso.
Carts pulled by donkeys are considered for the transportation between the feedstock growing areas and the GP. Fifteen years old Trucks are considered for the transportation between the GP and the biorefinery. The unitary transportation cost by carts and tricycles are estimated on the basis on the minimum wage for the driver, the maximum load per travel, the velocity of each mean and the fuel consumption for the tricycle. For carts, this cost is about 136 XOF/ton.km. Its maximum load is about 0.5 tons [15] and the maximum traveling distance covered in a day is 20 km when considering a velocity of 5km/h [15] and a work day of 8 hours. For tricycles, this cost is 27 XOF/ton.km. Its maximum load is 1.1 ton and its fuel consumption is 3.51/100km [14] . The maximum distance covered in a day is 160 km when considering a velocity of 40 km/h and a work day of 8 hours. For truck, this cost is 52 XOF /ton.km for roads with no bitumen [16] . Its maximum load is about 10 tons. The costs for each mean are presented in TABLE 1. Only fixed costs arising from the transport of the Balanites fruits or seeds have been calculated. Indeed, in West African rural areas where family farming is practiced, the goods means of transportation are not devoted to a single activity. In this case study, it was considered that the means of transportation are used only from October to December, i.e. 3 months per year for the biorefmery supply (it the case in Barsalogho). This period of 3 months is in the ripening period ofthe Balanites fruits which goes from October to February according to [17] .
Four scenarios are performed. In scenario 1, the carts pulled by donkeys are used for the feedstock transportation between the feedstock growing areas and the GP and two locations of the pre-processing (at the GP and at the biorefinery) are possible. In scenario 2 the tricycles are used for the feedstock transportation between the feedstock growing areas and the GP; for this scenario, two locations of the pre-processing (at the GP and at the biorefinery) are possible. In scenario 3, the carts pulled by donkeys are used for the feedstock transportation between the feedstock growing areas and the GP and only one location of the pre-processing (at the biorefinery) is possible. In scenario 4 the tricycles are used for the feedstock transportation between the feedstock growing areas and the GP and only one location of the pre-processing (at the biorefmery) is possible. 
IV. RESULTS AND DISCUSSION
The model has been implemented and solved in the optimization software Xpress IVE 7.9. The experiments were performed on an Intel Core i7-5500U CPU 2.4 OHz with 8 OB RAM on a 64-bit platform. The solution was obtained in less than 30 seconds using the simplex and barrier algorithms available in the software solver. The model determines the number of feedstock growing area among a set of feedstock growing areas previously identified and the optimal surface area of this feedstock growing areas to be harvested. It also determines the optimal number ofOP to be opened among a set of OP previously identified, the allocation of each chosen feedstock growing area to at least one OP, the optimal quantity of harvested feedstock to be transported between each chosen feedstock growing area and OP, the optimal amount of feedstock to be transported between each chosen OP and the biorefinery, and finally the optimal location of the preprocessing.
For each scenario, the costs results are presented in Fig.l . The harvesting costs represent the costs per kg of B. aegyptiaca fruits. The transportation costs represent the costs per kg of B. aegyptiaca seeds.
The B. aegyptiaca seeds cost price at the biorefinery gate is 59.8 XOF/kg for scenario 1,64.6 XOF/kg for scenario 2, 85.3 XOF/kg for scenario 3 and 80.7 XOF/kg for scenario 4. These results show that the seeds cost price at the biorefinery gate is higher than the purchasing price of the B. aegyptiaca dry fruits at the biorefinery gate in the locality of Barsologho in the sub sahelian region of the Burkina Faso. The dry fruits purchasing price in this locality is 40 XOF/kg. This low purchasing price in Barsalogho means that the actual logistical costs have not been taken into account when setting the dry fruits purchase price. This is supported by the fact that this price of 40 XOF/kg is the price of the non-pretreated fruits at the biorefinery gate. Moreover, this price of 40 XOF/kg takes into account the storage cost which has not been considered in the model describe in this paper.
Moreover, the results of the implementation show that the pre-processing location "at the OP" is always chosen for the scenario 1 and scenario 2. The seeds cost prices for the scenarios with the pre-processing located at the biorefinery are indeed the highest. This makes sense because there is only 10% of the feedstock to be transported when the preprocessing is located at the OP. For this reason, we will continue the rest of the analysis of the results with scenarios 1 and 2.
The results of the implementation also show that 109 feedstock growing areas are chosen and 6 OP are opened for the scenario with the tricycle (scenario 2). For the scenario with the cart (scenario 1), 118 feedstock growing areas are chosen and 12 OP are opened. This can be explained by the short travel distance per day of the cart (20km) compared to the travel distance per day ofthe tricycle (160 km). The results of the chosen feedstock growing areas and of the chosen OP can be seen in Fig. 2 and Fig. 3 . The red arrows represent the transport from the feedstock growing areas to the OP. The blue arrows represent the transport from the OP to the biorefinery. The green points represent the chosen feedstock growing areas and the black points represent the non-chosen feedstock growing areas. The blue boxes represent the OP.
The harvesting costs are similar for the scenario 1 and 2. They represent 31 % of the seeds cost price at the biorefinery gate for scenario 1 and 29% of the seeds cost price at the biorefinery gate for scenario 2. The transportation cost is 41.4 XOF/kg for scenario 1 and is 46.2 XOF/kg for scenario 2. This cost represents 69% of the seeds cost price at the biorefinery gate for scenario 1 and 71 % of the seeds cost price at the biorefinery gate for scenario 2. The harvesting and transportations costs results show that more than 65% of the seeds cost price at the biorefinery gate is composed of the transportation cost. -so -.
. ,. For scenario 1, the transportation cost between the feedstock growing areas and the OP is 30.6 XOF/kg. It represents 74% of the total transportation cost. For the scenario 2 this cost of transportation between the feedstock growing area and the OP is 39.4 XOF /kg. It represents 85% of the total transportation cost. This higher transportation cost for scenario 2 can be explained by the fixed costs of the tricycle that are 7.7 times higher than the fixed costs of the cart (TABLE 1.).
It can also be seen from Fig.l . that the transportation cost is mainly affected by the purchasing cost of the transportation mean when the motor tricycles are used. When the carts pulled by donkeys are used, the total transportation cost is mainly affected by the variable costs of transportation.
V. CONCLUSION
Tn this paper, a mathematical model for strategic decisions in Balanites aegyptiaca seeds supply chain for biofuel production in West African sahelian regions has been described. The functionalities and possibilities of the model developed have been demonstrated by its implementation on a theoretical case of study in the sub sahelian region of the Burkina Faso. The results of the implementation show that more than 65% of the seeds cost price at the biorefinery gate is composed of the transportation cost.
Our future work will consist in a comparative study of the costs of B. aegyptiaca and Jatropha curcas seeds supply chain. The aim is to see if the cost price of the B. aegyptiaca seeds can be competitive compared to the jatropha's one.
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